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Introduction {#sec001}
============

Cancer is a leading cause of mortality worldwide, currently accounting for approximately 1 in 6 deaths \[[@pone.0224028.ref001]\]. A recent report by the World Health Organisation (WHO) estimated that in 2018 18 million cases of cancer were diagnosed, and 9.6 million cancer related deaths occurred. Colorectal and gastric cancers are the third and fifth most commonly diagnosed cancers, accounting for 10% and 6% of cancer diagnoses, respectively. As such, it is unsurprising that these cancer types are responsible for high mortality rates, largely due to their poor prognosis \[[@pone.0224028.ref001]\]. Currently, cancer therapies consist mainly of surgical intervention, chemo- or radio-therapy, and gene or hormone therapy. Unfortunately, there is still a distinct lack of targeted treatments available despite recent developments, including antibody therapeutics, peptides and other small molecule therapeutics \[[@pone.0224028.ref002]--[@pone.0224028.ref004]\].

Melittin is a widely studied cytolytic peptide derived from bee venom and is considered a model for both cationic and other cytolytic peptides. Interestingly, it displays broad spectrum efficacy as an anti-viral, anti-bacterial, anti-fungal, anti-parasitic and anti-tumour agent \[[@pone.0224028.ref002], [@pone.0224028.ref005]--[@pone.0224028.ref007]\]. This is because the cytolytic actions of melittin are non-selective, affecting both signal transduction and regulatory pathways. As such, melittin induces multiple cell death mechanisms, including apoptosis, inhibition of proliferation or angiogenesis, cell cycle arrest, and inhibition of cancer motility, migration, metastasis and invasion. For cancer treatment, the cytolytic activity of melittin has been examined on a variety of cell types over recent years \[[@pone.0224028.ref008]--[@pone.0224028.ref015]\]. During apoptosis, cell lysis is induced via phospholipid bilayer disruption, pore formation and inducing permeability \[[@pone.0224028.ref006]\]. For gastric cancer cells, melittin has been shown to induce dose and time-dependant apoptosis and necrosis, inhibiting the proliferation of AGS cells. These affects were visualised as cell shrinkage, cell shape irregularity, cellular detachment and membrane damage \[[@pone.0224028.ref011]\]. Moreover, colon cancer cell lines (HCT-116, CT26 and LS174T) have only been tested with melittin conjugates \[[@pone.0224028.ref006]\]. Melittin also induced apoptosis through mitochondrial pathways in SGC-7901 gastric cancer cells \[[@pone.0224028.ref010]\]. In addition, when comparing melittin sensitivity of cancer cells to normal cells, one study showed that melittin was significantly more cytotoxic to human lung cancer cells than to the control human lung fibroblasts cells \[[@pone.0224028.ref016]\].

Although melittin is known to kill cancer cells by inducing apoptosis, visualisation studies have been somewhat limited. Recent atomic force microscopy (AFM) studies, performed on lipid monolayers, revealed distinct morphological changes and clear pore formation after the addition of melittin \[[@pone.0224028.ref017]\]. However, whole-cell studies have predominantly investigated the effect of melittin at long time points (6--24 hours), meaning that immediate effects have been poorly described. Despite extensive study, developing melittin as a therapeutic agent for cancer treatment remains challenging, mainly due to its non-specific cellular lytic activity, as well as its short lifetime in the blood and potential to cause severe toxic reactions upon intravenous injection \[[@pone.0224028.ref006]\]. The most serious side effect of melittin is due to its haemolytic activity, which is its ability to lyse red blood cells \[[@pone.0224028.ref018]\]. Studies have shown that melittin binds tightly to human red blood cells, resulting in channels large enough for haemoglobin leakage and ultimately cell lysis, with 50% lysis occurring at only 10% occupancy of melittin binding sites \[[@pone.0224028.ref018], [@pone.0224028.ref019]\]. However, more recent research has focussed towards melittin conjugates and derivatives as alternates for use in combination and targeted cancer therapies. Furthermore, immuno-conjugation, nanotechnology and gene therapy are being used to develop melittin-based therapies with increased specificity and selectivity and reduced toxicity and limit off-target cytolysis \[[@pone.0224028.ref005], [@pone.0224028.ref020]--[@pone.0224028.ref025]\].

In this study, we examine the rapid effect of melittin treatments on gastric and colorectal cancer cells. Specifically, the cancer cell lines AGS, COLO205 and HCT-15 were investigated as model systems to observe the effects of melittin at short time points. Firstly, the dosage dependence of melittin on cancer cell death was examined within the concentration range of 0.5--20 μg/mL. For all cancer types investigated, the effective concentration range was between 5--10 μg/mL. At low concentrations (0.5--5 μg/mL) of melittin, no significant effect on viability was observed. At higher concentrations, all samples displayed significant degrees of melittin induced cytotoxicity, with almost complete cellular inactivation at doses of 20 μg/mL. Following this, high-resolution imaging was conducted at short time points at a dose of 10--20 μg/mL to observe the cellular changes that occur upon immediate addition of melittin. A combination of scanning electron microscopy (SEM), AFM, and time-lapsed confocal laser scanning microscopy (CLSM) was employed to gain a more complete understanding of the membrane changes that occur when melittin exhorts its cytotoxic effects on cancer cells. Knowledge of the fast kinetics of cytolysis is an important step in developing targeted melittin-based cancer therapy.

Methods {#sec002}
=======

Cell culture {#sec003}
------------

Human adenocarcinoma cell lines AGS, COLO205 and HCT-15 were obtained from Cell Bank Australia. Cell lines were authenticated using short tandem repeat profiling and quality controlled using Biotool Mycoplasma Detection Kit-QuickTest. Cells were cultured in 25cm^2^ and 75cm^2^ tissue culture flasks under sterile conditions using complete RPMI 1640 media with L-glutamine (containing 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin) at 37 ^o^C with 5% CO~2~. Cells were split when 70% confluent using 0.25% Trypsin-EDTA and cultured to a maximum of 15 passages. Cells were harvested periodically in freeze media (FBS with 10% DMSO) for storage at -80 ^o^C and for long-term storage in liquid nitrogen.

Flow cytometry (FACS) {#sec004}
---------------------

Cells were seeded at 1 × 10^5^ cells per well in a 96-well plate and treated with melittin at 0.5--20 μg/mL in complete RPMI media for 4 hours at 37 ^o^C with 5% CO~2~. The positive control was treated with 0.1% Triton X-100 in PBS for 15 minutes. Cells were washed and then resuspended in 1 μg/mL of propidium iodide (PI) solution in PBS for up to 5 minutes before being analysed in the FACS Canto (10,000 cells per sample). The resultant data was analysed by FlowJo software where cell populations were gated by cell size and complexity to exclude doublets, following which PI positive populations (PE emission \>10^3^) were selected. Two-way ANOVA tests were used to assess statistical significance in cell death between melittin concentrations for each cell line. Data was graphed as mean ± standard deviation with n = 4.

Optical microscopy {#sec005}
------------------

Glass coverslips were coated with poly-D-lysine at 1 mg/mL and cells were seeded overnight in complete RPMI media. Cells were examined by optical microscopy (Nikon Eclipse TS100 microscope) to visualise changes that occur upon the addition of 10 μg/mL or 20 μg/mL melittin diluted in PBS over a 15-minute time course.

Live/Dead staining and florescence microscopy {#sec006}
---------------------------------------------

Glass coverslips were coated with poly-D-lysine at 1 mg/mL and cells were seeded overnight in complete RPMI media. Cells were treated with melittin at 0.5--20 μg/mL for either 1 minute, 15 minutes or 4 hours at 37 ^o^C with 5% CO~2~. Samples were then incubated with a solution of 4 μM Ethidium homodimer (EthD-1) and 2 μM Calcein-AM in PBS for 45 minutes at room temperature (Invitrogen). Coverslips were mounted onto slides and examined by fluorescence microscopy for red (dead) and green (live) fluorescence. Samples were examined using a Leica DM2500 epifluorescence microscope with a DFC310 digital camera, and images were captured using LAS software (V4.1; Leica Microsystems).

Membrane staining and confocal imaging {#sec007}
--------------------------------------

Glass coverslips were coated with poly-D-lysine at 1 mg/mL and cells were seeded overnight in complete RPMI media. Samples were incubated with 2 μg/mL of Dil (1,1\'-dioctadecyl-3,3,3\',3\'-tetramethylindocarbocyanine perchlorate) membrane dye in PBS for 30 minutes in the dark at 37 ^o^C with 5% CO~2~. Cells were examined by confocal microscopy (Olympus FV1200 microscope) to visualise changes that occur upon the addition of 20 μg/mL melittin diluted in PBS over a 15-minute time course. Images shown are representative of cells in each sample.

AFM sample preparation {#sec008}
----------------------

Glass coverslips were coated with poly-D-lysine at 1 mg/mL and cells were seeded overnight in complete RPMI media. Cells were treated with melittin for 1 minute at 20 μg/mL in PBS and then fixed in either 2.5% glutaraldehyde or 8% formaldehyde.

AFM imaging {#sec009}
-----------

All cells were imaged in PBS to examine morphology. Each system was studied using a MFP-3D Bio (Oxford Instruments, Asylum Research, Santa Barbara, CA, USA) at room temperature (25°C) using amplitude modulated-AFM (AM-AFM). BL-TR400PB cantilevers (Oxford Instruments, Asylum Research, Santa Barbara, CA, USA, nominal spring constant kc = 0.09 N/m). To minimize the imaging force, a setpoint ratio (Imaging Amplitude (A)/free amplitude (A0)) of \>0.7--0.8 was maintained, which has been shown to minimize any tip-sample distortion and damage for a variety of materials \[[@pone.0224028.ref026]--[@pone.0224028.ref028]\]. Each cantilever was calibrated using the thermal spectrum method prior to use and the lever sensitivity was determined using force spectroscopy; the spring constant was resolved via the inverse optical lever sensitivity (InVOLS) using force curve measurements on the hard glass surface prior to fluid immersion.

AFM image analysis {#sec010}
------------------

AFM data was processed using a combination of the Asylum research software, custom MATLAB codes, and Gwyddion software \[[@pone.0224028.ref029]\]. No image filtering (noise deconvolution, scar removal, or Fast Fourier Transform (FFT) filtering) was applied.

SEM {#sec011}
---

Silicon wafers were pre-coated with poly-D-lysine at 1 mg/mL and cells were seeded overnight in complete RPMI media before being treated with melittin for 1 minute in PBS. Prior to SEM imaging, all samples were fixed using 3% glutaraldehyde, dehydrated with series of ethanol (20%, 50%, 70%, 90%, 100%), and finally coated with a thin film of gold (10 nm). Scanning electron micrographs were obtained using a field-emission scanning electron microscope (FE-SEM). A FEI Verios 460L FEGSEM (FEI company, Oregon, United States) at 5 kV was used. Some images were post-modified for brightness and contrast using Adobe Photoshop.

Results {#sec012}
=======

Cancer cell death induced by melittin as a function of concentration {#sec013}
--------------------------------------------------------------------

To identify the concentration range at which melittin causes cancer cell death, cytotoxicity was measured through propidium iodide (PI) uptake by non-viable cells and analysed by FACS. [Fig 1](#pone.0224028.g001){ref-type="fig"} shows the relative non-viability of the cancer cell lines AGS, COLO205, and HCT-15 as a function of melittin concentration. Inspection of the data reveals that melittin inhibits the growth of both gastric and colorectal cancer types (gastric line AGS and colorectal lines COLO205 and HCT-15) in a dose dependent manner ([Fig 1(i)](#pone.0224028.g001){ref-type="fig"}). As expected, the number of non-viable cells increased as melittin concentration increased. No significant decrease in viability was seen in the concentration range of 0.5--5 μg/mL of melittin ([Fig 1(i)](#pone.0224028.g001){ref-type="fig"}). Assessment of cellular viability as a function of melittin concentration revealed that the effective concentration range for all cancer types was between 5--20 μg/mL, with 24.8 ± 9.4%, 31.2 ± 17% and 43.9 ± 12.4% cell death seen for AGS, HCT-15 and COLO205 respectively for the 10μg/mL treatment (P = 0.0009). Compared to untreated controls, all samples treated with 20 μg/mL of melittin displayed significant death (P = 0.0009). At a melittin concentration of 20 μg/mL, AGS showed the lowest cell death, with 80.6 ± 20% cell death, whereas HCT-15 and COLO205 showed similar percentages at 93.8 ± 9.6% and 99.7 ± 0.17% respectively. Positive control samples showed approximately a 95% decrease in viability for cell lines treated with 0.1% Triton X-100 in PBS. No plateau phase was reached for the 4-hour treatment ([Fig 1(i)](#pone.0224028.g001){ref-type="fig"}), and a similar reduction in cell viability was seen following 12-hours of treatment (data not shown). In general, non-viable cells within the populations readily uptake PI dye, and are visually seen to reduce in both cell size and internal complexity, indicating cytotoxicity. Comparatively, viable cell populations are not stained by PI and exhibited higher cellular size \[[@pone.0224028.ref030], [@pone.0224028.ref031]\]. This allowed meaningful comparison between live and dead cells to be achieved.

![**(i)** Propidium iodide (PI) uptake showing death of gastric and colorectal cancer cell lines following a 4-hour melittin treatment. Cells were treated with 0.5--20 μg/mL melittin and the positive control was treated with 0.1% Triton X-100. Data shown as mean ± SD where n = 4. \*\*\* represents p = \<0.001. EC50 values are 14 μg/mL for AGS, 11 μg/mL for COLO205 and 13 μg/mL for HCT-15. **(ii)** Florescence images showing Live/Dead staining of gastric and colorectal cancer cell lines following a 4-hour melittin treatment. **A)** AGS, **B)** COLO205 and **C)** HCT-15 cells were grown on poly-D-lysine coated coverslips overnight and treated with melittin at 5 μg/mL, 10 μg/mL and 20 μg/mL for 4 hours. The positive control was treated with Triton X-100. All cells were stained with Calcein-AM live stain (green) and EthD-1 dead stain (red). Average viability was determined for AGS (78% for 5 μg/mL, 17% for 10 μg/mL and 0% for 20 μg/mL), COLO205 (86% for 5 μg/mL, 40% for 10 μg/mL and 0% for 20 μg/mL), and HCT-15 (73% for 5 μg/mL, 50% for 10 μg/mL and 4% for 20 μg/mL). Viability for all negative and positive controls was 99--100% and 0% respectively. Scale bars represent 100 microns.](pone.0224028.g001){#pone.0224028.g001}

While PI is a useful marker for cellular death, it cannot be used to detect the precise cytotoxic effects induced by melittin exposure. To overcome this experimental limitation, a Live/Dead cell staining kit was employed to directly measure the proportion of live vs. dead cells at melittin concentrations of 5 μg/mL, 10 μg/mL and 20 μg/mL ([Fig 1(ii)](#pone.0224028.g001){ref-type="fig"}), following 4 hours of exposure. CLSM micrographs show the corresponding fluorescence images obtained following staining for the cancer cell lines AGS, COLO205, and HCT-15, as well as the respective controls ([Fig 1(ii)A--1C](#pone.0224028.g001){ref-type="fig"}). For all cell lines, cytotoxic activity of melittin follows a significant dose dependent killing, with the proportion of dead cells (red EthD-1 stained) increasing dramatically compared to live (green calcein-AM stained) as the concentration of melittin increased ([Fig 1(ii)](#pone.0224028.g001){ref-type="fig"}). Melittin effects were compared to non-treated samples, showing 100% viability, and Triton X-100 treated samples showing 100% cell death in all cell lines.

Interestingly, AGS treated with 5 μg/mL and 10 μg/mL melittin displayed a noticeable shift in cytotoxicity, with more than 50% of the cell population stained red at 10 μg/mL ([Fig 1(ii)A](#pone.0224028.g001){ref-type="fig"}). For COLO205 it was difficult to measure proportions of live and dead cells due to the semi-adherent nature of this cell line, although a dramatic decrease in live cells was observed at 10 μg/mL melittin ([Fig 1(ii)B](#pone.0224028.g001){ref-type="fig"}). High levels of cell death were observed for HCT-15 at 5μg/mL melittin, and this proportion did not significantly differ at 10 μg/mL ([Fig 1(ii)C](#pone.0224028.g001){ref-type="fig"}). At 20 μg/mL melittin, AGS and COLO205 showed 100% cell death. However, due to the cell clumping nature of HCT-15, cells situated in the centre of the clumps show some viability, whilst cells along the outer edge of the clumps were dead, resulting in approximately 95% cell death ([Fig 1(ii)C](#pone.0224028.g001){ref-type="fig"}). Together, these results suggest the cytolytic effects of melittin vary somewhat as a function of cell line, as well as cellular adherence and aggregation. Importantly, the results obtained by live and dead cell staining were commensurate with those obtained by FACS ([Fig 1](#pone.0224028.g001){ref-type="fig"}).

Melittin causes rapid changes to cell membranes {#sec014}
-----------------------------------------------

Melittin (20 μg/mL) was added to each cancer cell line and observed by optical microscopy to elucidate the effects of melittin as a function of time. The highest dose was chosen to elicit an observable response. Prior to imaging the gastric cancer cells (AGS) showed normal morphology, which was indicated by smooth membrane edges, intact nuclei and regular fusiform shaping ([Fig 2A](#pone.0224028.g002){ref-type="fig"}). Similar morphologies were observed for all other cancer cell lines, COLO205 and HCT-15, however with the added adherence and aggregation inherent to each cell type, as described above ([Fig 2B and 2C](#pone.0224028.g002){ref-type="fig"}, respectively). The initial morphology of each cell line serves as a baseline for visualising cellular changes induced by the introduction of melittin. Interestingly, very rapid changes were observed for AGS at the cell membrane upon the addition of melittin ([Fig 2](#pone.0224028.g002){ref-type="fig"}). Within 30 seconds of the addition of melittin, blebbing can be seen, where small bulges begin to occur at the periphery of the cells. Over the 15-minute time course, this process continues with changes noticed in the membrane at each time point. In addition, cell-surface detachment occurred following membrane changes ([Fig 2A](#pone.0224028.g002){ref-type="fig"}, [S1 Movie](#pone.0224028.s001){ref-type="supplementary-material"}).

![Optical microscopy images showing membrane swelling, granulation and blebbing of gastric and colorectal cancer cells after the addition of melittin.\
**A)** AGS, **B)** COLO205 and **C)** HCT-15 cells were grown on poly-D-lysine coated coverslips overnight and imaged in PBS using a light microscope before (T0) and after (T0.5, 30 seconds; T1, 1 minute; T5, 5 minutes; T10, 10 minutes; T15, 15 minutes) the addition of 20 μg/mL melittin. After melittin addition, the effects on the cells can be seen almost immediately. The yellow arrow points to membrane changes. Scale bars represent 50 microns.](pone.0224028.g002){#pone.0224028.g002}

Different effects were observed on the colorectal cancer cell lines tested, with COLO205 cells appearing as regular spherical cells with smooth surfaces. Cells showed swelling at the 30 second to 1 minute time points, followed by granulation in the presence of melittin. Due to the semi-adherent nature of this cell line, cells begin to move in solution almost immediately after the addition of melittin, and very few cells remain adhered after 15 minutes of treatment ([Fig 2B](#pone.0224028.g002){ref-type="fig"}, [S2 Movie](#pone.0224028.s002){ref-type="supplementary-material"}). Comparatively, HCT-15 cells formed large adherent clumps and maintained its aggregate behaviour during treatment. Only subtle changes can be seen over the 15-minute time course, mostly affecting the cells located at the aggregate edges; cells in these positions were observed to shrink and become rougher in the presence of melittin ([Fig 2C](#pone.0224028.g002){ref-type="fig"}, [S3 Movie](#pone.0224028.s003){ref-type="supplementary-material"}). This observation is consistent with the fluorescence images obtained during differential Live/Dead staining ([Fig 1C](#pone.0224028.g001){ref-type="fig"}).

Melittin treatment results in cell death within 15 minutes {#sec015}
----------------------------------------------------------

To determine if the membrane changes observed under optical microscopy resulted in cell death, Live/Dead staining was performed on cancer cells at shorter treatment times. Gastric (AGS) and colorectal cells (COLO205 and HCT-15) were treated with melittin at both 10 μg/mL and 20 μg/mL for 1 and 15 minutes, respectively ([Fig 3](#pone.0224028.g003){ref-type="fig"}). Prior to treatment, all cells displayed regular, smooth morphologies with \>95% viability as expected within a natural population ([Fig 3](#pone.0224028.g003){ref-type="fig"}). This data provides a baseline for post-treatment analysis. Overall, as the treatment concentration and time increased, so did cell death, with complete cell death seen at the higher dose after 15 minutes for all cell lines ([Fig 3](#pone.0224028.g003){ref-type="fig"}). At these shorter time frames, melittin appeared to exhibit its highest killing efficiency on AGS, with over 50% of cells staining red (dead) at 10 μg/mL after 1 minute, and 100% death observed at 20 μg/mL after 1 minute. Complete death was also seen for the higher concentration at 15 minutes ([Fig 3A](#pone.0224028.g003){ref-type="fig"}). For colorectal lines COLO205 and HCT-15, only a small percentage of cells were killed using the 10 μg/mL 1 minute treatment, and this number increased for the 20 μg/mL sample. After 15 minutes of 10 μg/mL treatment, some live cells are still observed (\<25%) ([Fig 3B and 3C](#pone.0224028.g003){ref-type="fig"}). For HCT-15 it should be noted that cell death at 1 minute begins to occur for cells mostly located at the surrounding edges of the cellular clumps. As time progresses, the killing effect is then observed for cells located more centrally in the clumps ([Fig 3C](#pone.0224028.g003){ref-type="fig"}), likely showing a diffusion-based cell lysis mechanism.

![Florescence images showing Live/Dead staining of gastric and colorectal cancer cell lines following short melittin treatments.\
**A)** AGS, **B)** COLO205 and **C)** HCT-15 cells were grown on poly-D-lysine coated coverslips overnight and treated with melittin at 10 μg/mL or 20 μg/mL for either 1 minute or 15 minutes. All cells were stained with Calcein-AM live stain (green) and EthD-1 dead stain (red). Average viability was determined after 1 minute for AGS (53% for 10 μg/mL and 1% for 20 μg/mL), COLO205 (59% for 10 μg/mL and 12% for 20 μg/mL), and HCT-15 (62% for 10 μg/mL and 51% for 20 μg/mL), and after 15 minutes for AGS (3% for 10 μg/mL and 0% for 20 μg/mL), COLO205 (38% for 10 μg/mL and 3% for 20 μg/mL), and HCT-15 (34% for 10 μg/mL and 0% for 20 μg/mL). Viability for all negative controls was 96--99%. Scale bars represent 100 microns.](pone.0224028.g003){#pone.0224028.g003}

Membrane alterations {#sec016}
--------------------

To confirm the membrane effect observed thus far, a membrane dye (1,1\'-Dioctadecyl-3,3,3\',3\'-Tetramethylindocarbocyanine Perchlorate--Dil) was utilised to examine the changes occurring after the introduction of melittin. Cells were stained, and then observed by confocal laser scanning microscopy (CLSM) while introducing high-doses of melittin (20 μg/mL). [Fig 4](#pone.0224028.g004){ref-type="fig"} shows representative time-lapse *in situ* CLSM images of the three cell lines prior to and following treatment ([Fig 4](#pone.0224028.g004){ref-type="fig"}, [S4](#pone.0224028.s004){ref-type="supplementary-material"}--[S6](#pone.0224028.s006){ref-type="supplementary-material"} Movies). Importantly, different effects were observed for all cell lines. For AGS, the cell showed an elongated morphology with a long cellular attachment, typical of their cell type \[[@pone.0224028.ref032]\]. Upon the addition of melittin, the cell began to swell slightly, following which a large membrane bleb (see yellow arrow, [Fig 4A](#pone.0224028.g004){ref-type="fig"}) developed and then continued to grow over the time course. The morphology of the attachment itself also changed via swelling followed by shrinkage and possible detachment from the surface. In addition, the surface of the AGS cell itself appeared to become more granulated by the 15 minute time point ([Fig 4A](#pone.0224028.g004){ref-type="fig"}, [S4 Movie](#pone.0224028.s004){ref-type="supplementary-material"}), commensurate with the optical microscopy ([Fig 2](#pone.0224028.g002){ref-type="fig"}) and Live/Dead florescence images ([Fig 3](#pone.0224028.g003){ref-type="fig"}).

![Membrane changes before and after melittin treatment at different time points for **A)** AGS, **B)** COLO205 and **C)** HCT-15. After the addition of melittin, cells undergo membrane swelling followed by membrane blebbing. Cells were grown on poly-D-lysine coated coverslips overnight and stained with DIL membrane dye (red) and imaged by confocal microscopy before (T0) and after (T0.5, 30 seconds; T1, 1 minute; T5, 5 minutes; T10, 10 minutes; T15, 15 minutes) the addition of 20 μg/mL melittin. The yellow arrow points to membrane changes. Scale bars represent 10 microns.](pone.0224028.g004){#pone.0224028.g004}

Similar effects were observed for COLO205, where the cells can be seen swelling, following which multiple small membrane blebs begin to appear ([Fig 4B](#pone.0224028.g004){ref-type="fig"}, [S5 Movie](#pone.0224028.s005){ref-type="supplementary-material"}). In comparison to AGS ([Fig 4A](#pone.0224028.g004){ref-type="fig"}), these blebs are a fraction of the size but appear to cover a large proportion of the COLO205 cell membrane ([Fig 4B](#pone.0224028.g004){ref-type="fig"}). For HCT-15, the effects of melittin are subtler; the cell aggregate initially showed swelling at 30 seconds and then began to shrink over 15 minutes. This can be seen through thinning of the stained region around the periphery indicating cytoplasmic shrinkage, although at an individual cell level only hints of cell membrane damage are observed ([Fig 4C](#pone.0224028.g004){ref-type="fig"}, [S6 Movie](#pone.0224028.s006){ref-type="supplementary-material"}).

High-resolution imaging of membrane and cellular damage caused by melittin treatment {#sec017}
------------------------------------------------------------------------------------

While the methods used have extensively demonstrated that cellular death is occurring through membrane changes, mostly membrane blebbing, high-resolution imaging techniques were needed to assess these effects in detail. AFM was performed on AGS cells to better characterise the observed morphological changes. Firstly, untreated AGS cells were imaged as a baseline, where multiple cell morphologies were observed ([Fig 5](#pone.0224028.g005){ref-type="fig"}). All cells were intact and had clear nuclear regions, with either a spherical shape or an elongated shape, and different cellular attachments were also observed. After high-dose (20 μg/mL), short-duration melittin treatment, the AGS cell membrane appeared to become 'sticky' (blue arrows) as indicated by the streaky nature of the corresponding AFM images. This 'sticky' quality most likely corresponds to the loss of membrane integrity described thus far and confirms that cellular damage is occurring almost immediately after treatment ([Fig 5](#pone.0224028.g005){ref-type="fig"}). AFM characterisation was not performed on the colorectal cell lines COLO205 and HCT-15 because of their respective semi-adherent and clumping natures making them challenging to image by this technique. However, SEM was undertaken to confirm rapid membrane changes.

![AFM images showing the morphology of AGS cells **A)** under normal conditions (no treatment) and **B)** after 20 μg/mL melittin treatment. AGS cells were grown on poly-D-lysine coated coverslips overnight, treated with 20 μg/mL melittin treatment for 1 minute and then fixed in 2.5% gluteraldehyde or 8% formaldehyde. Cells were imaged in PBS on the Asylum MFP-3D. Blue arrows indicate cellular damage. Scale bars are as indicated in the respective images.](pone.0224028.g005){#pone.0224028.g005}

SEM imaging was performed on all cell lines to visualise the morphology of cancer cells without/with melittin treatment. Prior to treatment, SEM images showed typical cell morphology of AGS, COLO205 and HCT-15 with visible nuclear regions and no clear membrane damage ([Fig 6](#pone.0224028.g006){ref-type="fig"} control). After melittin treatment, AGS cell morphology changed due to a loss of membrane integrity. At 10 μg/mL melittin, intracellular matter was seen leaking out of an AGS cell ([Fig 6A](#pone.0224028.g006){ref-type="fig"}). At 20 μg/mL melittin, there is a large protrusion in the membrane and the top section of the cellular membrane appears to have broken open to release intracellular matter across the surface ([Fig 6A](#pone.0224028.g006){ref-type="fig"}). Comparatively, the release of intracellular matter for COLO205 occurs in a different manner. At both 10 μg/mL and 20 μg/mL melittin treatments, the nuclear region is no longer clearly visible, and the cell membrane appears more granular and has buckled in an irregular manner. Small visible pores were observed across the membrane surface, indicating a loss of cellular membrane integrity ([Fig 6B](#pone.0224028.g006){ref-type="fig"}). For HCT-15, cellular damage is not as clearly visible at the lower concentration, but there is noticeable cellular damage at the higher concentration. At baseline, clumps of cells are irregular in shape and formation. After melittin treatment, additional cellular matter is visible on the surface, indicating a loss of membrane integrity with some visible membrane damage ([Fig 6C](#pone.0224028.g006){ref-type="fig"}). By 15 minutes of melittin treatment, colorectal cancer cells were completely damaged, with damaged cells and small granular matter remaining on the surface.

![SEM images of cancer cells showing differences in cellular morphology before and after melittin treatment (10 μg/mL and 20 μg/mL) for **A)** AGS, **B)** COLO205 and **C)** HCT-15. Cells were grown on poly-D-lysine coated silicon chips overnight and treated with melittin for 1 minute or 15 minutes. Yellow arrows point to cellular and membrane damage. Scale bars are as indicated in the respective images.](pone.0224028.g006){#pone.0224028.g006}

Discussion {#sec018}
==========

A wide body of literature has shown that melittin induces cellular death via a non-specific lytic mechanism, which has prompted its study as a potential anti-viral, anti-bacterial, anti-fungal, anti-parasitic and anti-tumour treatment. In addition, melittin is known to be a cationic, pore forming peptide \[[@pone.0224028.ref006], [@pone.0224028.ref033]\]. With regard to cancer, the effects of melittin on cancer cells and lipid (bi)-layers have been examined by an array of methods over extended periods of time (i.e. 6 to 24 hours) within concentration ranges of 0.5 to 10 μg/mL \[[@pone.0224028.ref008]--[@pone.0224028.ref015], [@pone.0224028.ref017], [@pone.0224028.ref034]\]. However, the cytolytic effects at shorter time frames have been largely overlooked.

Here, melittin was observed to produce a dose dependent cell lysis effect against AGS, COLO205, and HCT-15 cell lines, a finding commensurate with several studies in the field. Some of these studies were performed on cancer cells using melittin or melittin conjugates \[[@pone.0224028.ref008]--[@pone.0224028.ref015]\], while others looked at melittin on lipid layers \[[@pone.0224028.ref017], [@pone.0224028.ref034]\]. However, in our study the dose needed to render all cells inactivated was somewhat higher, specifically more than double, than that of concentrations needed against other cancer cell lines \[[@pone.0224028.ref009]--[@pone.0224028.ref011], [@pone.0224028.ref014], [@pone.0224028.ref015]\]. In addition, different effects were observed on each cell line examined, although a dose of 20 μg/mL of melittin resulted in complete cell death for all systems studied. Together these findings may indicate that previous studies are not a general indication of the effect of melittin against all cancer cell lines, meaning that melittin activity may be cell line specific.

Importantly, our results demonstrate the rapid effect of melittin on gastric and colorectal cancer cells. Melittin induces cell membrane damage within 1 minute of treatment, where granulation, blebbing and cell swelling followed by shrinkage were observed (Figs [2](#pone.0224028.g002){ref-type="fig"}--[6](#pone.0224028.g006){ref-type="fig"}), with complete cell death occurring within 15 minutes ([Fig 3](#pone.0224028.g003){ref-type="fig"}). Previously, the shortest duration study observed melittin on DPPC monolayers for 4 hours \[[@pone.0224028.ref017]\], while the shortest time-point studies looked at melittin treatment on gastric cancer cells and human lymphoblastoid cells after 1 hour of incubation \[[@pone.0224028.ref010], [@pone.0224028.ref035]\]. With regard to gastric cancer, a previous study observed less than 15% viability for AGS cells treated with 8 μg/mL of melittin that had been extracted from Iranian bees after 6--24 hours of treatment \[[@pone.0224028.ref011]\]. To our knowledge, no studies have been conducted on the colorectal cell lines tested here, although some studies have looked at the effects of melittin conjugates on other colorectal cells \[[@pone.0224028.ref006]\]. Understanding the immediate membrane damage caused by melittin provides essential information for developing targeted melittin therapeutics.

Membrane effects have been well studied in cancer using cancer cells and lipid layers by different methods and at longer treatment times, often looking at pore formation as well as membrane alteration including perturbation and membrane disruption \[[@pone.0224028.ref011], [@pone.0224028.ref014], [@pone.0224028.ref025], [@pone.0224028.ref034], [@pone.0224028.ref036]--[@pone.0224028.ref038]\]. A number of studies have also examined the mechanistic effects of melittin looking at pathways leading to apoptosis and cell death, including induction of death receptors \[[@pone.0224028.ref005], [@pone.0224028.ref006], [@pone.0224028.ref009], [@pone.0224028.ref010], [@pone.0224028.ref037], [@pone.0224028.ref039], [@pone.0224028.ref040]\]. Broadly, it is thought that melittin disrupts lipid membranes via the toroidal and detergent mechanisms, depending on the membrane lipid to peptide ratio \[[@pone.0224028.ref041]\]. At lower concentrations, melittin induces small or transient pores whereby cellular contents do not seep from the cell, but transmembrane ions reorientate, altering membrane charge \[[@pone.0224028.ref038], [@pone.0224028.ref042]\]. Transient pores occur after the α-helical melittin peptide monomers interact with the cell surface, dimerize and shallowly penetrate the membrane \[[@pone.0224028.ref043], [@pone.0224028.ref044]\]. Upon melittin aggregation, larger, more stable pores are formed and transmembrane leakage occurs at concentrations in the micromolar range \[[@pone.0224028.ref043]--[@pone.0224028.ref045]\]. At concentrations of peptide exceeding lipid ratios, melittin can disintegrate membranes \[[@pone.0224028.ref046]\]. These findings are commensurate with the findings of this study, where some level of cell death is noted from 5 μg/mL, suggesting transient pores occur at lower concentrations of melittin. While the complete lysis of cells was observed at the highest melittin dose for all cell lines ([Fig 1](#pone.0224028.g001){ref-type="fig"}). In addition, variable pore size induced by melittin can be explained by structural changes upon interactions with the bilayers or interactions between peptide monomers. While pore formation was not observed here at shorter time frames, several other damaging membrane effects were observed, almost immediately after the introduction of melittin (Figs [2](#pone.0224028.g002){ref-type="fig"}--[4](#pone.0224028.g004){ref-type="fig"}). SEM imaging revealed the formation of pores in membrane surfaces for some cells after treatment ([Fig 6](#pone.0224028.g006){ref-type="fig"}). In agreement with our findings, a previous study has also demonstrated vesicle formation and loss of membrane integrity via electron microscopy following short duration, very high dose melittin treatment (2 minutes of 200 μg/mL) \[[@pone.0224028.ref035]\]. However, this study was performed in human lymphoblastoid cells, and limited work has been done in solid tumours.

Interestingly, the effects of melittin appear to be altered on the aggregating cell line investigated. AGS and COLO205 cells appear much more sensitive to melittin when compared to HCT-15, with very noticeable membrane changes affecting all treated cells in the samples (Figs [2](#pone.0224028.g002){ref-type="fig"}--[5](#pone.0224028.g005){ref-type="fig"}). However, for HCT-15, which forms cell clumps, melittin first kills cells located at the periphery and then slowly diffuses into the centre of the clumps to ultimately result in cell death in a dose and time dependent manner. In this regard, the cell clumps of HCT-15 act like solid tumours. It has been demonstrated that drug and antibody penetration of solid tumours is problematic for a number of reasons relating to the tumour microenvironment, including elevated pressure and large vascular systems, as well as mechanisms that can lead to resistance, such as drug export pumps and changes in metabolic pathways \[[@pone.0224028.ref047], [@pone.0224028.ref048]\]. These findings give some insight into the effect melittin may have on solid tumours and could in part influence development of delivery methods for melittin or similar cytolytic peptides to tumours for cancer therapy.

Despite extensive studies, developing melittin as a therapeutic agent for cancer treatment remains challenging, mainly due to its non-specific cellular lytic activity. This includes its ability to lyse red blood cells \[[@pone.0224028.ref006], [@pone.0224028.ref018]\]. In an attempt to overcome this, melittin research has focussed on the development on melittin conjugates and derivatives. Examples include melittin attached by cleavable linkers \[[@pone.0224028.ref023]\], environment-sensitive peptide delivery systems \[[@pone.0224028.ref020]\] and a number of melittin based fusion proteins \[[@pone.0224028.ref005], [@pone.0224028.ref021], [@pone.0224028.ref022], [@pone.0224028.ref024], [@pone.0224028.ref025]\]. In addition, through the development of novel linker strategies, melittin-loaded nanoparticles and nanocarriers have also been studied for delivering melittin to the tumour microenvironment \[[@pone.0224028.ref049]--[@pone.0224028.ref051]\]. Despite these caveats regarding implementation, understanding the underlying mechanism of action is imperative for the development of next-generation melittin-based therapies. Importantly, melittin has proven to be toxic to cancer cells and has the potential to cause tumour death. Developing alternative methods for peptide delivery will allow for novel cancer therapeutics, with increased specificity and selectivity and considerably reduced toxicity by limiting off-target cytolysis. Knowledge of the fast kinetics of cytolysis is an important step towards realising the goal of a targeted melittin-based cancer therapy.

Conclusion {#sec019}
==========

While the wide-reaching cytotoxic effects of melittin have been well documented, its instantaneous effects on cancer cells have not in the past been examined. Here, we demonstrated the clear membrane effects of high dose melittin on gastric and colorectal cancer cells over a 15-minute time course, with cellular changes occurring within seconds in the form of cell swelling, membrane blebbing and breakage. All observed effects were dose and time dependent, with a higher dosage needed in comparison to previous studies. Additionally, variation in membrane damage occurred between different cell lines, with the aggregating cell line demonstrating a clear diffusion effect mimicking that of a solid tumour. The findings of this study enhance our knowledge of anti-cancer peptides by giving an insight into the rapid effects of the model peptide melittin on cancer cells.
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###### Optical microscopic movie revealing the changes induced by melittin for AGS cells as a function of time.

(MP4)

###### 

Click here for additional data file.

###### Optical microscopic movie revealing the changes induced by melittin for COLO205 cells as a function of time.
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###### Optical microscopic movie revealing the changes induced by melittin for HCT-15 cells as a function of time.
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###### Movie of time-lapse CLSM images showing the membrane alteration of AGS cells.
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###### Movie of time-lapse CLSM images showing the membrane alteration of COLO205 cells.
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###### Movie of time-lapse CLSM images showing the membrane alteration of HCT-15 cells.
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